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Abstract:
Prickly acacia (Acacia nilotica) is an invasive weed tree in Australia, ranked seventh
on the list of Weeds of National Significance because of its aggressiveness and its economic
and environmental impacts. The significant downsides to manual and chemical control of this
species drove the search for a biological control mechanism. Surveying and sampling stands
of A. nilotica naturally exhibiting disease symptoms yielded several native Australian fungi
capable of pathogenesis in this species, which are currently under assessment as potential
bioherbicides for this weed. Three field trials were established at the same site in order to
further advance current understanding of this disease system, examining the ability of
different fungal strains and different application techniques to produce a viable infection. All
three experiments were established successfully, and previous work suggests that they will
yield data valuable to the development of the bioherbicide technology. The fungal material
used in the experiments was tested both before and after the trials for pathogenicity on
seedlings of both A. nilotica and Parkinsonia aculeata, another woody weed species. All
material was found to be active and capable of pathogenesis in seedlings of both species,
indicating the likelihood of effective pathogenesis during the trial.
Immediately following the establishment of the field trials, a presentation was given
at a weed workshop organized to spread information about integrated weed management
techniques and the bioherbicide research in particular. Interviews conducted at this workshop
indicated a high degree of public, industrial, and governmental interest and optimism about
the bioherbicide technology. The success of this technology in previous trials suggests that in
time, it is likely to become a commercially viable control tool for the management of A.
nilotica, with significant economic benefits for both the government and the grazing industry.
The technology also holds great potential for environmental benefit, both for land resources
and for the marine environments receiving freshwater inputs from infested areas.
Commercialization of the research is currently under way and, barring unforeseen difficulties,
the technology is likely to reach the market within the next few years.
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Background:
Invasive plant management has become an increasingly important environmental
issue in recent times as recognition of the negative ecosystem effects caused by introduced
species has increased and as the global economic burden caused by weeds continues to grow
(Blossey 1999, Stason 1997). Although invasive plants are a problem for many types of landuse, agricultural land is particularly affected by aggressive weeds, which cost the U.S.
agricultural sector over $32 billion each year (Pimental et al. 2005). Worldwide, weeding
accounts for up to 60% of pre-harvest labor in the developing world (McFadyen 1998). Each
agricultural industry faces its own suite of problem weeds and is forced to develop individual
solutions to meet their specific needs
The cattle industry in Queensland faces a particular threat from woody tree species
that are increasingly overgrowing prime pasture land and compromising the ability of
graziers to make effective use of their land (source) One species of increasing concern to
Queensland graziers is prickly acacia (Acacia nilotica), which is ranked seventh on the list of
Weeds of National Significance because of its aggressiveness and its economic and
environmental impacts (Galea 2013). The species’ main impacts on graziers include reduced
production of palatable fodder, stock hygiene and water access problems, and difficulties
mustering livestock (March 2004). The environmental consequences of this weed include loss
of wildlife habitat (mainly through the destruction of native prairie), decline in soil structure
and nutrients, and the clogging and draining of important waterways (Sutherland 2011). This
economic and environmental problem is spreading aggressively throughout Queensland, and
control efforts thus far have not been successful in halting its advance. Figure 1 below shows
its current distribution throughout Australia:
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Fig 1: Distribution of Acacia nilotica in Australia (National Land & Water Resources Audit
and National WoNS Management groups 2011).
http://www.weeds.org.au/WoNS/pricklyacacia/
Manual control of weeds, especially woody species like A. nilotica, is an expensive
and time-consuming effort, and in many cases the regenerative capacity and large seed banks
of weed plants makes these measures relatively ineffective. Chemical herbicides are
commonly used alone or alongside manual controls to increase the effectiveness of
management programs, but there are many environmental consequences accompanying the
widespread use of these toxic chemicals, including water quality degradation and the
development of herbicide resistance (Ruttan 1999, Auld and Morin 1995). In the search for
alternatives or supplements to manual and chemical tools, biological controls present novel
solutions to an old problem. Using either a classical biological approach or a bioherbicide to
actively combat weeds offers many advantages over traditional methods, and this area of
study shows a great deal of potential.
There are already many examples of biological controls that were instrumental in
solving major weed problems. One of the most notable is the case of prickly pear cactus, an
7

invasive species that caused widespread damage in Australia before it was controlled by the
introduced cactoblastis moth (Hoffman et al 1998). The cactoblastis moth and other released
organisms have shown the massive potential of using living, reproducing agents to fight the
difficult and complicated battle against invasive plants. However, classical biological controls
require a great deal of research and care to ensure that they are effective and safe; the current
outbreak of cane toads is an excellent example of the dangers inherent to working with living
systems (Shine 2010). Despite these risks, a classical biological control for A. nilotica has
been sought after since the 1980s (Galea 2012 B.NBP.0618). Unfortunately, none of the
insects introduced to manage this weed have proved satisfactory, and research continued into
alternative solutions.
One variation on the classical biological control with several advantages is the use of
bioherbicides; targeted applications of a pathogenic organism into a host plant with the goal
of producing disease and death in that organism (Crump et al. 1999). Bioherbicides generally
require less work to ensure their safety, as they often draw from naturalized pathogens and do
not spread as widely in the environment (Green 2003). This and other advantages drove the
search for an effective bioherbicide for management of A. nilotica. Fortunately, a
breakthrough occurred with the identification of waves of naturally occurring dieback in adult
trees (Galea 2012 B.NBP.0618). Dieback is a general term for tissue death in trees, which can
lead to the loss of twigs or branches and can cause the death of the entire organism if it
progresses far enough. This tissue necrosis affects all species of trees worldwide in some
form, with highly variable symptoms and causes. Dieback can occur as a result of any
number of stressors or pathogens (biological, environmental, or anthropogenic), or a
combination of multiple factors.
Samples were collected from diseased trees in the field and infected material was
cultured in an attempt to identify the cause of the disorder. Several fungal species native to
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Australia were isolated and identified as the primary pathogens causing tissue necrosis
(Haque et al. 2012). Though there were likely other environmental stressors involved with the
dieback event, these fungi were clearly the main pathogenic element in the tissue sampled,
causing necrosis and tissue loss as they infected living trees. Dr. Galea and his collaborators
realized the massive potential of these fungi and began to actively examine their pathogenic
capabilities. The development of these fungi into a usable control tool offers a promising
alternative to conventional control methods with many potential benefits to the cattle grazing
industry and to Queensland’s natural resource management groups. However, much work
remains to be done before this ecological observation can be turned into a marketable
technology. Dr. Galea’s research group has worked on similar projects for other woody
weeds, most notably parkinsonia (Parkinsonia aculeata), and a specific methodology for the
testing of potential bioherbicides has been established from their past experimental work
(Galea 2008).
Their research model includes several distinct stages. Identification of naturallyoccurring dieback is followed by the isolation and culturing of fungal pathogens, as
previously described. These fungi are then tested for pathogenicity on seedlings of the target
species under laboratory conditions (Toh 2009). Because many of the fungi isolated from
dead and dying plant tissues are opportunistic invaders, able to colonize plant material only
after another pathogen has caused major cell death, significant screening is necessary to
determine which fungi are aggressive enough to cause disease in isolation. Any weak or
secondary pathogens are eliminated during seedling trials, and only fungi capable of
aggressively colonizing and causing disease in seedlings of the test species are carried into
further testing. Glasshouse trials are then conducted on young saplings of the target weed in
order to further characterize the traits of promising fungal strains. As saplings are more
developed and resistant to external stressors, this screening system provides an even more
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stringent assessment of potential bioherbicides, and narrows the candidates down to only the
most pathogenic strains. Finally, these aggressive isolates are brought into the field, and fullgrown trees are inoculated in order to test the ability of the fungi to cause disease in
established plants (Galea 2012, 2013). This systematic approach to the assessment of
potential bioherbicides is significant not only for this project, but also serves as an excellent
model for the development of future biological controls of all types by researchers working
on even vastly different systems.
Another important aspect of this research is the creation of a reliable application
technology. The fungi isolated from dieback events are typically soil-borne organisms
common to the area but only rarely found in diseased trees (personal communication, Dr.
Goulter). Some catalytic event is necessary to begin pathogenesis, and designing a method to
mimic this natural event is absolutely central to the success of any bioherbicide technology.
This aspect of the work is currently still in progress, but several key advancements have been
made. Perhaps most importantly, a method of creating a stable but active material for
inoculation has been established, with commercially acceptable shelf life and transportability
(Galea and Beilby 2010). However, there exists a great variety of potential techniques to
introduce this material to target trees. Identifying the ideal method in terms of effectiveness,
cost, and time efficiency is therefore a critical step in the development of a final product.
Though perfecting the bioherbicide technology is the primary goal of Dr. Galea and
his collaborators, the work conducted in this laboratory is not limited to direct scientific
exploration. The lab often participates in weed management workshops and other outreach
activities, sharing their research with industry members, governmental organizations and
private individuals battling against the specific weeds being targeted by the lab's work. The
unusually high level of outreach and communication with all of these groups presents many
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advantages for everyone involved, and allows the development of the technology to proceed
in a more integrated and efficient fashion.
This paper will examine in detail one stage of the overall research plan working to
develop native Australian fungi as bioherbicides; the establishment of a field trial examining
the impact of different fungal strains and different application techniques on the effectiveness
of A. nilotica control with bioherbicide technology. The paper will also assess the
sociological and environmental impacts of the Galea lab’s work and extension activities,
partly through the description and analysis of a weed workshop attended by members of the
research group.

Field Trial:
Introduction:
The general methodology described for the development of bioherbicides in Dr. Galea’s
research group began with P. aculeata, and is still in progress for that species (Galea 2008,
Galea and Beilby 2010). A. nilotica, a more recent project, is still in the early stages of
research. So far, fungal pathogens have been isolated from dieback-affected trees and have
shown potential in both seedling and glasshouse analyses (Haque et al. 2012). In addition,
one fungal strain isolated from P. aculeata is also capable of pathogenesis in A. nilotica. This
suggests that a single bioherbicide may eventually be used for the management of multiple
target species. However, no full-scale field trials have yet been completed to determine the
effect of any fungal pathogens on established specimens of A. nilotica. Therefore, one of the
key barriers still impeding the development of a specific bioherbicide technology for A.
nilotica is the identification of the specific fungal species or combination of species that will
be most effective in colonizing full-grown trees. Establishing an ideal mechanism for
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inoculation, both in terms of colonization effectiveness and resource use efficiency, remains
another high priority for the research group (personal communication, Dr. Galea)

Experiment 1:
There are a wide variety of factors that determine the effectiveness of a specific
fungal isolate on an established tree in the field, especially environmental stressors such as
drought and insect damage (Galea 2012 B.NBP.0552). This high variability has led to
differing results for the same bioherbicide even within a single weed species. Therefore, it is
crucial to establish the fungal strains or combinations thereof that are most aggressive
towards established specimens of A. nilotica, which has yet to be tested in the field.
Experiment 1 in this trial therefore examined the comparative pathogenicity of three
bioherbicides on mature prickly acacia trees: AN71, a strain isolated from A. nilotica, NT039,
a highly aggressive generalist strain isolated from P. aculeata, and Bioherbicide 001, a
combination of three different fungal strains. The goal of this experiment was to determine
which fungus most effectively colonizes A. nilotica so that future work can focus more
closely on a single bioherbicide for use in control of this species.

Experiment 2:
Because the work of Dr. Galea’s lab is applied rather than fundamental research, their
primary goal is the development of a functional and effective tool for landholders to use in
their battle against A. nilotica. This requires not only the identification of a fungal pathogen
capable of invading and killing the tree, but an application technique that is efficient in
inducing disease and that is time- and cost-effective as well. In the very earliest stages of
testing, a slurry of water and fungal culture (grown on agar plates) was poured into holes predrilled in a target tree and left exposed to the air (personal communication, Dr. Galea).
However, the infection rate using this method was extremely low, and the instability of the
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liquid media proved to be too much of a design hurdle; testing was terminated after a brief
pilot study. In order to improve the stability of the inoculant, a switch was made to a dry
delivery method on millet grain. Millet seed is boiled, sterilized, and cooled before being
exposed to active fungal culture, which then colonizes the moist seed over a period of several
days (Diplock et al. 2006). The infected seed is then dried, producing a stable vector for
transmitting the fungus into the tree. One of the early techniques for inoculation used infected
millet rolled into “cigarettes” with rolling papers. A hole was drilled into the tree, a
"cigarette" was placed in the drilled hole, sterile water was added, and the wound was
covered with plastic tape (Diplock et al. 2006). In later trial designs, infected millet was
encapsulated in gelatine capsules, which were placed inside drilled holes and sealed inside
the tree with silicone (Galea 2012 B.NBP.0552). Sealing the drill site is important because it
blocks the ingress of air into the newly formed wound. Exposure to air and the resultant
cellular desiccation cause the tree to produce antifungal compounds and to create a physical
barrier sealing off the wound, greatly reducing the chance of effective colonization (Biggs
1995). When gelatine capsules containing inoculum are sealed with silicone as described,
infection is effectively established in full-grown P. aculeata specimens (Galea and Beilby
2010, Galea 2012 B.NBP.0552).
Several improvements over the silicone method have also been suggested. One potential
option is the use of plastic plugs to seal the drill wound. This minimizes the chance of losing
the seal through silicone bioerosion and also presents the possibility of mechanization of the
inoculation process (personal communication, Dr. Galea). A prototype inoculation device has
already been created that allows a user to rapidly infect a tree without switching between
multiple tools. If sealing the wound with a plastic plug is effective at producing an infection,
an improved device would greatly improve the efficiency of bioherbicide delivery. Another
very different mechanism of delivery has also been suggested; packing powdered inoculum
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into spent .22 casings and inserting these through the bark, either directly or after removing a
segment of bark with a drill. Removing bark before inserting inoculum may be a critical step
in creating infection, as the bark of A. nilotica contains antifungal compounds that may
disrupt colonization if driven into the wound along with the fungus (Pai et al. 2010). If
driving the casing directly into the tree with the bark is effective in producing an infection,
then multiple tools could be used to quickly and effectively inoculate trees, including the EZject herbicide lance, a metal tube with a slide hammer that quickly rams a casing directly into
a target tree (Rice 2000). Currently this device is used with conventional herbicides, with
which it has been shown to be an effective control tool against multiple woody weed species
(Meloche et al. 2006). This success indicates the lance's ability to introduce a foreign
compound into target trees and cause plant death. As this applicator has already been
designed and marketed, its use for the bioherbicide technology would greatly speed up
product development and minimize commercialization costs.
Because only one application technique has thus far successfully produced an
infection in established trees, experiment 2 in this field trial was designed to test which of
several possible methods is the most effective. The established method of sealing a capsule
with silicone was tested against sealing with a standard plug and sealing with a shortened,
altered plug which holds a gelatine capsule filled with inoculum, allowing a single
application step. Spent .22 bullet casings filled with fungal material were tested with two
application methods: driving casings straight into the tree and drilling a small pilot hole
before insertion, preventing a plug of bark from being driven into the tree in advance of the
casing.

Experiment 3:
Another important aspect of the inoculation technique that has yet to be
experimentally examined in detail is the effect of the placement of the inoculum; the height at
14

which the fungus is introduced into the tree may play a key role in colonization. Therefore a
third trial was set up with two treatments; capsules of the fungal strain NT039 and of sterile
millet were introduced into trees at four different heights. This study should allow a
quantification of colonization rates with different heights of introduction.

All three of these trials are designed to be short-term studies of fungal colonization
rates rather than analyses of the lethality of the bioherbicides being tested. A concurrent,
longer-term study is examining the effect of many different isolates on the overall health of
A. nilotica specimens, and will generate sufficient data for the lab group to proceed with
development (personal communication, Ashanul Haque). However, the colonization trial will
provide valuable auxiliary information concerning the speed at which various fungal isolates
colonize host trees and about the inoculation techniques most likely to produce a viable
infection. One major advantage to this type of experiment is its short duration; individual
trees will be harvested at 3 month intervals, and the entire trial will likely only run for 9-12
months, as opposed to mortality studies which typically run for over two years, as the typical
time required for weed tree mortality with a bioherbicide (in P. aculeata) is 18-24 months
(Galea 2012 B.NBP.0552). Instead of examining the long-term effect on overall tree health,
trees will be harvested while still in good condition. Their stems will be sectioned, and the
extent of fungal colonization will be measured using the length of internal staining. This stain
is produced during the fungal digestion of plant material, and is an effective indicator of the
extent of pathogen colonization (Galea and Beilby 2010). With the completion of these field
trials, the experimenters hope to achieve two major goals, the first being the advancement of
knowledge concerning the physiology of fungal colonization of established trees, and the
physical variables that impact the success and speed of this process. The second is the
eventual improvement of the commercial bioherbicide technology currently being designed to
tackle the serious environmental problem of A. nilotica and other woody weeds.
15

Materials and Methods:

Inoculum Pathogenicity Assays
As a practical measure to ensure the success of the field trials, the inoculum material
used in the field was tested for its ability to cause disease in seedlings of both P. aculeata and
A. nilotica before and after the field work was completed. Due to time constraints, only the
seedlings of P. aculeata were ready to be assessed for the post-trial assays. Testing of fungal
pathogenicity was performed according to the procedure described by Galea (2013):
Seeds of A. nilotica and P. aculeata were made ready to germinate by scarification;
the outer seed coat was clipped carefully so as to allow the penetration of water without
damaging the embryo. Clipped seeds were sterilized by soaking for 5 min in 2% NaOCl
before being washed twice with sterile DI H2O to remove any sodium hypochlorite. Seeds
were laid out on sterilized, moist filter paper in metal trays and incubated in the dark at 25 °C
for 72 hours to 144 hours, depending on germination speed.
Small plastic McCartney tubes were modified to include a 4 mm drainage hole in their
base before being filled with ~15 mL vermiculite and autoclaved. One germinated seed was
placed into the vermiculite using sterile forceps in a sterile laminar flow hood. Colonized
millet seed pre-prepared for the field trial was randomly sampled, and seedlings were
inoculated with 3 to 5 individual grains placed immediately adjacent to the radicle. For the
experiments using spent .22 bullet casings, the inoculum was pushed into the vermiculite so
that the open end of the casing touched the seedling radicle. The remaining space in the tube
was filled with autoclaved vermiculite and 5 mL of sterile DI H2O was added to each tube.
Tubes were placed in plastic bins modified to allow drainage and stored in a custom-built
bench growth chamber on a 12 hr dark/12 hr light cycle at ambient temperature until analysis.
10 seedlings were inoculated for each bioherbicide tested, and 3 controls were included for
each treatment.
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The seedlings were assessed for symptoms of disease between nine and 17 days after
inoculation. Seedlings were rated on a 5-point scale where 0 = pre-emergent death, 1= postemergent death, 2= living but obviously weakened by disease, 3 = generally healthy but with
fungal lesions present, and 4 = completely unaffected by disease. Microsoft Excel 2010 was
used to perform statistical analysis of results and to prepare figures.

Field Experiments:
All field experiments were conducted in the “Pink Lily” paddock outside of
Rockhampton, Queensland (23° 20’ 55” S, 150° 27’ 20” E). The site is owned by Trevor
Dunne and is located just off of Ridgelands Road. The elevation of the site was 10-11 m
above sea level, and the site was less than a kilometre from the Rockhampton River. The site
experienced severe inundation during the 2011 flood events in the area, and as a result trees
were often surrounded by brush and debris that had washed up against them. Trials were
established on April 18th and 19th, 2013. Field conditions were dry and sunny for the entirety
of the setup process. Trees were selected for all trials based on their health (obviously dead or
dying trees were excluded to minimize experimental error) and trunk diameter (trees too
narrow to support the inoculation procedure or too large to harvest effectively were
excluded). The locations of each tree or stand of trees was recorded using GPS coordinates,
and trees were marked with cattle tags and with spray paint indicating the treatment received.
Each tree’s diameter at a height of 20 cm from the soil was measured using a digital
micrometer and recorded. In all trials where capsules were inserted into the tree, a 10 mm bit
was used to drill 30 mm into a tree at the specified height(s). A capsule of millet inoculated
with the indicated strain was then inserted into the hole and the opening was sealed as
specified.
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Experiment 1:
Four stands of 45 trees each were located using the selection criteria described above.
Trees were inoculated only once per tree at a height of 20 cm. Nine trees in each block of 45
received one of four treatments –a capsule of NT039 (Lasiodiploidia pseudotheobromae), a
capsule of AN071 (Botryosphaeria mamane), a capsule of sterile millet, or a capsule with a
mixture of NT039, NT094 (Macrophomina phaseolina), and QLD003 (Neoscytalidium
novaehollandiae)). Each capsule was sealed into the tree with a conical polypropylene plastic
plug (21 mm in length, 12 mm diameter base tapering to 9 mm tip). Nine trees were left
untreated in each block.
Experiment 2:
Two stands of 54 trees were included in this trial. Each treated tree was inoculated three
times with the same treatment; once each at heights of 20, 40, and 60 cm. Nine trees received
each treatment. The first three treatments consisted of NT039 capsules inserted into trees and
sealed as follows: with silicone, with the full plastic plug described above, and with a
shortened plastic plug (cut to 10 mm in length) pre-drilled with a 7 mm drill bit to accept and
hold a capsule in place. Two treatments used a spent .22 casing filled with ground millet seed
inoculated with NT039 and sealed with gelatine. These casings were hammered into the tree,
directly for one treatment and with a pilot hole predrilled to a depth of 3 mm with a 6.0 mm
bit for the other. One group of nine trees in each block was left untreated.
Experiment 3:
Four stands of 12 trees were used in this experiment. All trees were inoculated four
times; once each at 20, 40, 60, and 80 cm. Nine trees in each group received an NT039
capsule, while three received a capsule of sterile millet. All capsules were sealed using
standard plastic plugs.
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Results:
All material to be brought into the field for the proposed trials was highly pathogenic
against P. aculeata (Fig 2A, Student’s T-Test, T= 7.56, 11.6, 12.7, p<0.001 in all cases). The
vast majority of seedlings exposed to any of the trial pathogens died either before or shortly
after emergence, with only 2 seedlings exposed to QLD003 scoring a 2 on the assessment
scale. The majority of controls were perfectly healthy, scoring a 4 on the assessment scale,
with a single control in the NT039 treatment group showing a lesion, likely from accidental
contamination during assay setup.
The same material had mixed effects on seedlings of A. nilotica (Fig 2B). Seedlings
exposed to NT039 showed a significant disease effect (Student’s T-test, t=2.93, p=0.014), but
no other pathogen differed appreciably from controls (Student’s T-test, T=1.27, 0.179, 0.392
p=0.23, 0.86, 0.7). When compared to the results from the P. aculeata assays, there was far
greater mortality and disease in control plants and much higher survival and health in
inoculated seedlings.
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Figure 2: Pathogenicity towards P. aculeata (A) and A. nilotica (B) of inocula to be used in
trial before use in the field. Seedlings were rated on a 5-point scale where 0 = pre-emergent
death, 1= post-emergent death, 2= living but obviously weakened by disease, 3 = generally
healthy but with fungal lesions present, and 4 = completely unaffected by disease. Blue
represents the average assessment score of negative control seedlings (n=3) and red
represents the average score of seedlings exposed to the specified fungal pathogen (n=10).
Error bars represent +/- SEM.
Material returned from the field had similarly high pathogenicity towards seedlings of
P. aculeata (Fig 3, Student’s T-Test, T= 5.85, 11.6, 15.1, p<0.001 in all cases). There was
extremely high mortality in all three treatment groups, with only a single surviving seedling
in the Bioherbicide 001 group. All controls scored highly on the assessment scale.
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Figure 3: Pathogenicity towards P. aculeata of inocula used in trial after implementation in
the field. “Bio 001” refers to Bioherbicide 001. “Casings” refers to the .22 casings packed
with NT039 millet. Seedlings were rated on a 5-point scale where 0 = pre-emergent death, 1=
post-emergent death, 2= living but obviously weakened by disease, 3 = generally healthy but
with fungal lesions present, and 4 = completely unaffected by disease. Blue represents the
average assessment score of negative control seedlings (n=3) and red represents the average
score of seedlings exposed to the specified fungal pathogen (n=10). Error bars represent +/SEM.

Discussion:
While the field trial described has yet to be taken to completion, its structure and
execution suggest that it will generate a wealth of new information about the study system,
both for the bioherbicide technology in general development and about A. nilotica in
particular. In previous studies performed by the lab on P. aculeata, the fungal strains most
successful in killing seedlings and juvenile trees were capable of causing dieback and even
tree death in mature, established trees in the field (Galea 2012 B.NBP.0552). The isolates
used in this trial have also gone through the initial stages of testing and have been shown to
have strong pathogenic activity against both seedlings and juvenile trees (Haque et al. 2012).
One of the strains used in this study, NT039, is extremely pathogenic to both A. nilotica
seedlings and mature P. aculeata. While neither of these observations is a guarantee of
successful colonization and pathogenicity of mature trees in the field, it certainly suggests
that at least some disease impact of the tested bioherbicides will be observed, and that this
21

information will be useful in the improvement of the technology (personal communication,
Dr. Galea).
The seedling pathogenicity assays performed as a check of the material to be used in
the field also support the expectation of a successful trial. The results in all trials with P.
aculeata seedlings were clearly consistent with past experiments showing the high degree of
pathogenicity of all of these isolates (Toh 2009, Galea 2012 B.NBP.0618). The high seedling
mortality in these experiments shows that the inoculum used in the field trial was still highly
viable and very capable of causing disease. The mixed results for the assays performed with
A. nilotica are not unusual, as seeds of this species often have inherent diseases and
developmental issues that stunt their growth or result in seedling death regardless of
treatment (personal communication, Dr. Goulter). A. nilotica relies on high seed productivity
more than seedling survival to increase its numbers. Though the viability and pathogenicity
of the trial material may seem to be called into question by the tests performed on A. nilotica,
the more convincing results with P. aculeata using the same source material suggest that
natural variability in the experimental system is a more important explanation for the lack of
significant results.
The trial described is one important piece of a long-term strategy in place within the
Galea lab with the eventual goal of developing of a commercially viable bioherbicide
technology. This strategy follows a typical pathway long established as an effective route to
the development of marketable bioherbicides (Green 2003). By isolating pathogens naturally
impacting populations of the target species, Dr. Galea improves his chances of finding a
fungal agent that will effectively combat healthy trees. Successive stages of screening narrow
down a long list of candidates, focusing on fungal species that are most able to attack
undamaged plant tissue. This process greatly speeds the development of an agent effective
against undesirable weeds, and does so with minimal cost and effort. This general strategy
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has been tested over time in the development of many different kinds of bioherbicides, and
has led to an extremely high success rate: Boyetchko and Peng (2004) report that
bioherbicide development has a success rate of around 20:1, compared with less than 1% for
classic chemical herbicides. These authors also report that bioherbicide development on
average has a financial cost roughly 4% that of chemical herbicides. These data clearly justify
the continued pursuit of potential bioherbicides for the control of problem weeds, especially
considering the multiple benefits these technologies offer in addition to their high success
rate and cost-effectiveness.
One of the principal benefits of bioherbicide technology is that it allows the control of
invasive plant pest species without the use of conventional chemical herbicides (Auld and
Morin 1995). As chemical inputs into industrial agriculture have steadily increased, broadspectrum herbicides are consistently being used in the same fields on the same crops year
after year. This acts as a strong selective pressure for weeds capable of surviving the
chemical onslaught, and as a result the incidence of weed resistance to herbicides has been
increasing dramatically in recent years (Ruttan 1999). There has yet to be reported any
development of weed resistance to bioherbicides, and the genetic diversity present within
fungal pathogens would almost surely provide a simple and effective response to any such
development; resistant weeds could be managed with a different strain of the same fungus or
a different species entirely, an approach that would quite likely remain effective in the long
term (Auld and Morin 1995). This exposes one of the key advantages to using a biological
solution to a biological problem; the variability and malleability of weed populations make
their conventional control extremely difficult, but those same factors in a control technology
make it all the more effective. Without the problem of weed resistance, farmers and graziers
can avoid becoming trapped on the chemical treadmill and facing constant or rising costs
associated with the development and deployment of new and ever-more toxic herbicides.
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Another obvious limitation to the widespread use of chemicals is toxicity to the
environment. It has been well-established that at current application rates for most standard
agricultural herbicides, runoff into the surrounding catchment remains at persistently high
levels (Wu et al. 1983, Krutz et al. 2005). These compounds are toxic to a wide range of
aquatic and terrestrial organisms, including soil and aquatic invertebrates, fish, and the microand macro-algae that in many cases form the basis of the trophic web (Folmar et al. 1979,
Cedergreen and Streibig 2005). However, one major concern specific to the areas of
Queensland most affected by A. nilotica is toxicity to the Great Barrier Reef. Many of the
catchments in northern Queensland empty into rivers flowing off of the east coast into the
reef zone. Agricultural lands are chiefly responsible for dumping unacceptably high levels of
contaminants into waterways and thus onto the reef, damaging the flora and fauna of this
sensitive ecosystem (Packett et al. 2009). Coral reefs are vulnerable to damage from even
relatively low levels of herbicide, and the levels currently reaching the Great Barrier Reef
have already had a large negative impact on its health and diversity (Lewis et al. 2009). A.
nilotica has water-borne seeds and often spreads along waterways, meaning its densest
infestations are often in areas where chemical control is either illegal or environmentally
disastrous (personal communication, Dr. Galea). Because the bioherbicide technology
currently in development has no environmental toxicity, it represents a vital tool in the fight
against A. nilotica in areas where environmental concerns make other control options
impossible. This will allow managers to control some of the most important channels of
spread for this species without adversely impacting the Great Barrier Reef or the valuable
water resources of Queensland.
Organic farms represent another important application of this technology. An organic
or ecological farm by definition allows no pesticides, fertilizers, or herbicides to be used on
its land (Bengtsson et al. 2005). One of the predictable consequences of these management
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practices is a higher weed cover on organic properties, which nonetheless need to be
managed in a cost- and time-effective manner if the farm is to remain viable and productive
(Rydberg and Milberg 2000). The bioherbicides being developed make use of native soilborne fungi and have no herbicide or pesticide component, making them suitable for use on
organic farms. This gives farmers seeking ecologically friendly alternatives to conventional
agriculture an effective, rapid, and safe alternative to conventional herbicides without
resorting to difficult and expensive manual control.
All of these potential benefits have greatly increased public interest in the
development of this bioherbicide technology, as evidenced by the weed workshop recently
organized in Rockhampton, QLD. This workshop was centered on spreading information
about Dr. Galea’s work, though a great variety of presenters discussed their weed
management practices (Smith 2013). Members of the Galea lab presented their work at this
program, sharing their past and current research and discussing the potential future for the
bioherbicide technology. The presentation was received extremely well, and there was
obviously general excitement among the entire community about the progression of the work.
Three informal interviews conducted at the workshop exemplify the typical reaction of
Rockhampton citizens to information about the bioherbicide development.
Ian Muldoon is a landowner and contractor operating within the region, whose
business consists of large-scale land maintenance with heavy machinery. He often does
invasive species removal with his equipment, and was familiar with the difficulties inherent
in manual control of woody weeds, particularly the necessity of multiple treatments to deplete
the large seed banks present under invasive trees. He was extremely excited about the
potential of the bioherbicide technology, and indicated that he was very likely to make use of
it in his own business. He believed that it would be useful as a way to decrease seedling
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recruitment post-clearing and that it would also be vital in killing trees growing in areas of
land inaccessible to his machinery.
Brian Gall is the Council Property Pest Manager for the Rockhampton Regional
Council, a job in which he educates the citizenry about weed management options as well as
enforcing legislation concerning landholders’ obligations to manage weeds. He has already
assisted with several biological control programs where plant viruses were released to control
rampant agricultural weeds. Understanding the risks and benefits of biological control, he is
in an excellent position to assess any new bioherbicide technology. He is extremely
optimistic about the potential for Dr. Galea’s bioherbicide technology, and indicated that he
would definitely make use of the product in his work once it came to market.
Kelly Smith is the Project Officer of Field Services for Fitzroy River and Coastal
Catchments, inc. Her position involves the management and distribution of weed
management funds distributed by the Queensland government in response to the 2011 floods
in this area. She supports projects of individual landowners to manage invasive plants and
organizes education and networking events, including the workshop described. She has been
involved quite closely with Dr. Galea’s work, helping him to find sites on which to conduct
trials and distributing information about his work. She is also very excited about the potential
of the bioherbicide technology, and believed that it could represent a crucial tool in the
integrated management of both A. nilotica and P. aculeata, which are major threats to the
ecosystems she works to manage. She indicated her interest in making use of the technology
in her own outreach and management work in the future. In the meantime she plans on
maintaining a close relationship with the Galea lab in order to assist with their work and to
make effective use of the technology once it reaches the market.
It is clear from these interviews and from the reactions of other workshop attendees
that this technology would have a major impact on communities like Rockhampton which
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have been heavily affected by A. nilotica and other woody weeds. There is obvious interest in
Dr. Galea’s research, and the outreach he has undertaken has ensured that there is a much
greater awareness and understanding of his work than would otherwise be possible. This type
of extension work is a high priority within the lab group, and presenting at these types of
programs is a regular occurrence for Dr. Galea and his collaborators. This extension work
presents major benefits to all parties involved: the work being performed by the lab is shared
with the potential market even before it reaches the commercialization stage, and those
involved in the fight against weeds gain a greater understanding of the possibilities for
integrated weed management, with more realistic expectations for the future and better
possibilities for planning their own weed management strategy. Dr. Galea also gains valuable
contacts with potential collaborators: researchers, property owners with potential trial sites,
and commercial operators interested in large-scale implementation of the bioherbicide. These
industry members have been instrumental in suggesting improvements in the technology,
making the final product more relevant to the individuals who will eventually be making use
of it (personal communication, Dr. Galea). This helps the lab to refine its research goals in an
ongoing manner and to improve the quality of their research and of the final product being
developed.
The development of this bioherbicide technology is still very much in progress, and as
the research has a defined and achievable goal, the future work for Dr. Galea and his
collaborators is in many respects straightforward. The trial established in Rockhampton will
be assessed over the coming year, and its findings used to guide the progression of the
bioherbicide. Further research is needed to quantify the mortality of established trees exposed
to different fungal strains, and to examine the impact of the local microclimate on the
efficacy of the bioherbicide. Many other small considerations of the transition between
research and marketable product will also need to be addressed, though some of this will
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likely be managed independently by the corporation Bioherbicides Australia currently in the
process of formation. This corporation is a start up firm initially assisted by the University of
Queensland specifically to market and sell the technology under development. Assisting this
corporation with the logistical difficulties of mass-producing and distributing a finished,
usable product will likely be a major focus for the lab group for the foreseeable future.
While the future of this technology is not yet certain, the success of the work so far
and the excitement generated by the outreach activities performed by the Galea lab group
suggest great potential for bioherbicide control of A. nilotica. This technology will not be the
only tool used to manage the weed, and will not act as a “magic bullet” to eradicate the
problem entirely, but it will play an important role as part of an integrated management plan
that makes use of chemical and manual controls, education and prevention to minimize the
impact of this dangerous and aggressive woody weed. Even when viewed simply as an
alternative to chemicals used along sensitive waterways or on organic farms, this technology
represents an important advancement that will improve invasive control without sacrificing
the very ecosystems in need of protection. However, the multiple advantages of bioherbicides
suggest a vast realm of possibilities for this technology, and it is likely to become ever more
useful as managers discover new ways to take full advantage of this technology. The future of
weed control in Australia will very likely include bioherbicides as an extremely important
weapon in a growing arsenal that is steadily evolving to meet the changing needs of a
complicated but vitally important environmental issue.
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